Abstract: Neoadjuvant therapy has been increasingly used to treat patients with potentially resectable pancreatic ductal adenocarcinoma (PDAC). Although the College of American Pathologists (CAP) grading scheme for tumor response in posttherapy specimens has been used, its clinical significance has not been validated. Previously, we proposed a 3-tier histologic tumor regression grading (HTRG) scheme (HTRG 0, no viable tumor; HTRG 1, <5% viable tumor cells; HTRG 2, Z5% viable tumor cells) and showed that the 3-tier HTRG scheme correlated with prognosis. In this study, we sought to validate our proposed HTRG scheme in a new cohort of 167 consecutive PDAC patients who completed neoadjuvant therapy and pancreaticoduodenectomy. We found that patients with HTRG 0 or 1 were associated with a lower frequency of lymph node metastasis (P = 0.004) and recurrence (P = 0.01), lower ypT (P < 0.001) and AJCC stage (P < 0.001), longer disease-free survival (DFS, P = 0.004) and overall survival (OS, P = 0.02) than those with HTRG 2. However, there was no difference in either DFS or OS between the groups with CAP grade 2 and those with CAP grade 3 (P > 0.05). In multivariate analysis, HTRG grade 0 or 1 was an independent prognostic factor for better DFS (P = 0.03), but not OS. Therefore we validated the proposed HTRG scheme from our previous study. The proposed HTRG scheme is simple and easy to apply in practice by pathologists and might be used as a successful surrogate for longer DFS in patients with potentially resectable PDAC who completed neoadjuvant therapy and surgery.
P
ancreatic ductal adenocarcinoma (PDAC) is one of the most lethal diseases among all major human malignancies. Vast majority of the patients with PDAC present at advanced stage of disease at the time of diagnosis, and only 20% of patients are considered candidates for surgery. 1 Among patients with PDAC who underwent surgery with or without adjuvant therapy, the 5-year survival rate is approximately 15% to 20%, and the median overall survival (OS) ranges from 11 to 23.6 months. [2] [3] [4] [5] [6] The high mortality in these patients results from a high propensity for early recurrence and metastasis, which has been reported in up to 80% of patients after surgery, and from tumor resistance to conventional chemotherapeutic agents and radiation therapy. 7 Therefore, surgery has been considered the only curative strategy for PDAC. The current trend of therapeutic approach for patients with PDAC has become increasingly multimodality, and more patients are being treated with preoperative chemoradiation therapy followed by surgical resection, particularly in those patients who present with borderline resectable/locally advanced disease.
As with carcinomas of the esophageal/gastroesophageal junction region, stomach, and rectum, neoadjuvant therapy offers potential theoretical benefits over upfront surgery, followed by adjuvant therapy for patients with potentially resectable PDAC, including control of systemic micrometastasis, potential downstaging of the primary tumor with consequent reduction in the risks of a microscopically positive resection (R1) and locoregional failure or recurrence, and better patient selection for surgery, potentially resulting in a better clinical outcome and improved survival duration. 8 Although data regarding the use of neoadjuvant therapy for patients with potentially resectable PDAC are limited, multiple phase II studies have demonstrated that completion of neoadjuvant chemoradiation therapy and subsequent surgery is associated with an improved disease-free survival (DFS) and OS. [9] [10] [11] [12] [13] The results from these studies have provided the foundation for clinical application of a neoadjuvant approach to patients with potentially resectable PDAC. 14, 15 It is important to define potential prognostic histologic factors in posttherapy pancreatic specimens. In our previous studies, we showed that several histologic parameters including tumor invasion into the muscular vessels, posttherapy tumor (ypT) stage, the number and ratio of positive lymph nodes, the distance of superior mesenteric artery margin from tumor, and histologic tumor regression grade (HTRG) are predictive of the clinical outcome in patients who received neoadjuvant therapies and underwent pancreaticoduodenectomy (PD). 9, 10, [16] [17] [18] Recent studies have demonstrated that HTRG of the surgical specimens after neoadjuvant therapies is a consistent and reproducible histologic factor that can help determine the effectiveness of specific neoadjuvant therapies compared with others. 15, 18 Several proposed grading schemes, including the grading scheme currently used by the College of American Pathologists (CAP) Protocol 19 and Evans' grading scheme, 10 have been used for HTRG in posttherapy pancreatic specimens for PDAC. Our previous study showed that patients with no (CAP grade 0) or minimal residual tumor (< 5% of viable tumor, CAP grade 1) had better DFS and OS than those who had CAP grade 2 (partial response, residual cancer with evident tumor regression, but more than single cells or rare small groups of cancer cells) or CAP grade 3 (poor or no response, extensive residual cancer with no evident tumor regression). However, we did not observe significant difference in either DFS or OS between the group with CAP grade 2 and those with CAP grade 3 responses. Therefore we proposed a modified 3-tier CAP grading scheme: HTRG 0, no viable residual carcinoma; HTRG 1, <5% viable residual carcinoma cells (minimal residual cancer with single cells or small groups of cancer cells); and HTRG 2, Z5% viable residual tumor cells. 18 The aim of this study is to validate the importance of our proposed 3-tier HTRG grading scheme as a useful predictor for clinical outcome in a new cohort of 167 consecutive patients with PDAC who received neoadjuvant therapies and PD.
MATERIALS AND METHODS

Patients and Follow-up
The study was approved by the Institutional Review Board at the University of Texas MD Anderson Cancer Center (MD Anderson). One hundred sixty-seven consecutive patients were included in this study from our prospective maintained, institutional pancreatic tumor database. Our study population consists of 84 male and 83 female patients with age ranging from 34 to 85 years at the time of surgery (median age, 65 y). All patients had histologically confirmed PDAC, completed neoadjuvant therapies, and underwent PD at our institution between 2008 and 2012. We excluded from analysis the patients who underwent distal pancreatectomy for recurrent PDAC (n = 2), periampullary adenocarcinoma (n = 3), invasive adenocarcinoma arising in an intraductal papillary mucinous neoplasm (n = 2), and adenocarcinoma arising in the distal bile duct (n = 3).
Twenty-nine patients (17.4%) received neoadjuvant fluoropyrimidine-based chemoradiation (TX1), 30 patients (18.0%) received neoadjuvant gemcitabine-based chemoradiation (TX2), 22 patients (13.2%) received neoadjuvant chemotherapy, followed by gemcitabine-based chemoradiation (TX3), 68 patients (40.7%) received neoadjuvant chemotherapy followed by fluoropyrimidinebased chemoradiation (TX4), and 18 patients (10.8%) received neoadjuvant chemotherapy alone (TX5). In patients who received neoadjuvant chemotherapy only (TX5), 2 patients (1.2%) received fluoropyrimidine-based chemotherapy, and 16 patients (9.6%) received gemcitabine-based chemotherapy. After completion of neoadjuvant therapy, all patients were reevaluated by pancreatic protocol computed tomography scan, and PD was performed only in selected patients who had no disease progression or metastasis and had no contraindications to major abdominal surgery.
After PD, patients were evaluated every 6 months by physical examination, chest radiography, abdominal computed tomography scan, or positron emission tomography (PET) scan. The development of a new lowdensity mass or intra-abdominal lymphadenopathy in the regions of the resected pancreas or mesenteric root was considered a locoregional relapse or recurrence. Any lowdensity mass in the liver or lungs or other distant sites was considered distant metastasis.
Histologic Evaluation of HTRG in PD Specimens
A standardized scheme for histologic evaluation of PD specimens was set up and has been used at our institution since 1990. Histopathologic information from our standardized pathologic reports, including tumor type, location, size, differentiation, HTRG, tumor involvement of extrapancreatic tissue, presence of lymphovascular or perineural invasion, numbers of positive and total lymph nodes, margin status, and ypTNM stage, were reviewed by 3 pathologists (S.M.L., L.L., H.W.). For all PD specimens, we routinely submitted pancreatic neck/parenchymal margin (en face), bile duct margin (en face), proximal margin (gastric or duodenal, en face), distal margin (distal duodenal or jejunal, en face), and retroperitoneal (uncinate or superior mesenteric artery) margin (entirely submitted, perpendicular sections), which are the same as the current CAP protocol. The histologic grade of tumor response in PD specimens was evaluated on the basis of microscopic estimation of the overall percentage of residual viable tumor relative to the entire treated tumor bed using the 4-tiered CAP grading scheme and the proposed 3-tiered HTRG scheme as described previously: HTRG 0, no residual carcinoma with entire pancreas, bile duct and ampulla of Vater submitted for histologic examination; HTRG1, patients with minimal residual carcinoma (single cells or small groups of cancer cells, <5% residual carcinoma); and HTRG 2, patients with 5% or more residual carcinoma. 18 For the cases with no grossly identifiable mass lesion (HTRG 0 and/or 1), the entire pancreas, common bile duct, and ampulla of Vater in the PD specimens were submitted for histologic evaluation to confirm the absence or presence of any residual PDAC cells. Representative micrographs showing the CAP grading scheme and the proposed 3-tier HTRG scheme are shown in Figure 1 . The margin status of PD specimens were documented as R0 (negative surgical margin microscopically), R1 (negative surgical margin grossly but with tumor cells present margin microscopically), or R2 (presence of grossly identifiable tumor at any margin). Posttherapy pathologic stage was grouped according to the American Joint committee on Cancer (AJCC) Cancer Staging Manual, seventh edition. 20 
Statistical Analysis
Correlations between HTRG and categorical clinicopathologic variables including sex, sex, tumor differentiation, lymph node metastasis, recurrence, ypT, and AJCC stage and margin status were examined using the Fisher exact test or w 2 analysis. The DFS and OS were calculated as previously described. 18 The survival curves for DFS and OS were constructed using the Kaplan-Meier method and the log-rank tests were used to compare survival outcomes between clinicopathologic variables including the HTRG category. The association between DFS or OS with HTRG category and the above clinicopathologic parameters were determined using univariate Cox regression analysis. Cox proportional hazards models were fitted for multivariate analysis. After interactions between the variables were examined, a backward stepwise procedure was used to derive the best-fitting model. A P value of <0.05 was considered statistically significant. Statistical analysis was performed using SPSS 22.0 software (SPSS Inc., Chicago, IL).
RESULTS
Analyses of HTRG With Clinical and Histopathologic Data
Correlations of the proposed 3-tier HTRG scheme with clinical and histopathologic data are summarized in Table 1 . Posttherapy tumor size ranged from 0 to 6.0 cm, with an average of 2.4 cm. According to the World Health Organization classification standards, 104 cases (62%) were well-differentiated to moderately differentiated PDAC, and 63 cases (38%) were poorly differentiated PDAC. The number of regional lymph nodes ranged from 10 to 68 with an average of 16.6. Lymph node involvement by metastatic disease was identified in 83 cases (50%), with the number of positive lymph nodes ranging from 1 to 19 nodes. Posttherapy tumor stages ypT0, ypT1, ypT2, ypT3, and ypT4 were present in 3 (1.8%), 12 (7.2%), 6 (3.8%), 146 (87.4%), and 0 (0%), respectively. Three (1.8%) patients had HTRG 0 (CAP grade 0), 18 (10.8%) had HTRG 1 (CAP grade 1), and 146 (87.4%) were HTRG 2 responses (95 [56.9%] with CAP grade 2 and 51 [30.5%] CAP grade 3 response). Among the 3 patients with HTRG 0, 1 had microscopic metastasis in 1 of 16 lymph nodes examined, and the other 2 were node negative with 18 and 26 lymph nodes examined, respectively. Pretherapy diagnosis of adenocarcinoma was confirmed in all 3 cases with HTRG 0 response. R0 resection was achieved in 162 patients (97%), and R1 resection was present in 5 patients (3%, 3 cases with positive pancreatic margin and 2 cases with positive retroperitoneal margin). Common bile duct margin was negative in all patients. Fifty-six patients (33.5%) did not show any recurrent or metastatic disease during the follow-up. Thirtythree (19.8%) patients had locoregional recurrence in the surgical bed or mesenteric root, and 78 (46.7%) patients had distant metastatic disease, predominantly in liver or lung. Patients with HTRG 0 or 1 had significantly a lower frequency of lymph node metastasis (P = 0.003) and recurrence (P = 0.01) and lower ypT (P < 0.001) and AJCC stage (P < 0.001) than those with HTRG 2. The mean tumor size was 1.1 ± 1.3 cm in HTRG 0 or 1 group compared with 2.6 ± 1.1 cm in HTRG 2 group (P < 0.001). However, HTRG was not correlated with other clinicopathologic features including sex, tumor differentiation, and margin status (P > 0.05). Similar to the results from our previous study, 18 we did not observe significant difference in HTRG among the different neoadjuvant treatment groups (P = 0.25).
Analyses of HTRG With Survival
The length of clinical follow-up time in this cohort ranged from 8.2 to 84.2 months with a median follow-up time of 30.5 months. At the time of last follow-up, 97 (58.1%) patients died of PDAC, 3 (1.8%) patients died of other causes, 19 (11.4%) patients were alive with PDAC, and 48 (28.7%) patients were alive with no clinical or radiographic evidence of recurrent PDAC. Median OS for the entire cohort was 33.7 months (95% confidence interval, 28.1-39.3 mo) with 1-year and 3-year OS rates of 97% and 49%, respectively.
Patients with HTRG 0 or 1 had longer DFS and OS than those with HTRG 2 (Fig. 2) . The mean DFS was 44.0 ± 5.5 months for the group with HTRG 0 or 1 compared with 28.2 ± 2.6 months for those with HTRG 2 (P = 0.004). The mean OS was 54.0 ± 4.2 months for the group with HTRG 0 or 1 compared with 44.4 ± 2.5 months for those with HTRG 2 (P = 0.02). All 3 patients with HTRG 0 were alive with no evidence of recurrent or distant disease at last follow-up. However, there was no difference in either DFS or OS between patients with CAP grade 2 and those with CAP grade 3 (Fig. 3) . Different chemoradiation regimens did not show any correlation with DFS or OS (data not shown). By univariate analysis, HTRG (P = 0.006), lymph node metastasis (P < 0.001), and AJCC stage (P = 0.02) correlated significantly with DFS. Tumor differentiation (P = 0.02), HTRG (P = 0.02), lymph node metastasis (P = 0.001), and AJCC stage (P < 0.001) correlated significantly with OS (Table 2) . In multivariate analysis, HTRG 0 or 1 was an independent prognostic factor for better DFS (P = 0.03) but not OS (P = 0.12). The P value for OS is not significant in multivariate analysis probably because of the fact that the number of patients who had HTRG 0 or 1 response was relatively small (21/167, 12.6%). Lymph node metastasis was an independent prognosticator for both DFS (P = 0.004) and OS (P = 0.002; Table 3 ).
DISCUSSION
The current CAP grading scheme for tumor response in patients with PDAC who received neoadjuvant therapy is to evaluate the relative amount of residual tumor cells compared with background therapy-related fibrosis as follows: Grading 0, no viable residual tumor (pathologic complete response [pCR]); Grade 1, marked response (minimal residual cancer with single cells or small groups of cancer cells); Grade 2, partial response (residual cancer with evident tumor regression, but more than single cells or rare small groups of cancer cells); and Grade 3, poor or no response (extensive residual cancer with no evident tumor regression). 21 This grading scheme for tumor response is the same as those used for carcinomas of esophagus, stomach, and rectum in the current CAP protocols. However, its prognostic significance in PDAC has not been validated. In our previous study of 223 patients with PDAC who received neoadjuvant chemoradiation therapies and PD, patients with either no residual tumor (CAP grade 0) or minimal residual tumor 18 However, we did not observe significant difference in either DFS or OS survival between the PDAC patients with CAP grade 2 and those with CAP grade 3 responses. The present study focused on validating our proposed 3-tier HTRG scheme, which is a potentially better method for assessing the extent of tumor response. We found that (1) HTRG 0 and 1 was associated with a lower frequency of lymph node metastasis, recurrence, lower ypT, and AJCC stage than those with HTRG 2 response, (2) patients with HTRG 0 and 1 had better DFS and OS than those with HTRG 2, and (3) HTRG 0 or 1 was an independent prognostic factor for better DFS. Similar to our previous study, there were no difference in either DFS or OS between the patients with CAP grade 2 and those with CAP grade 3 responses in the current study. Therefore the results from this study validate the proposed 3-tier HTRG scheme proposed in our previous study as follow: HTRG 0, no viable residual tumor (pCR); HTRG 1, marked response (< 5% viable tumor cells, minimal residual cancer with single cells or small groups of cancer cells); HTRG 2, moderate to poor response (Z5% residual tumor cells). In the current study, 3 patients (1.8%) attained pCR after treatment with neoadjuvant therapy and are alive with no evidence of recurrent or metastatic disease, which was similar to our previous report of 2.5% pCR from 442 patients. 17 Although the incidence of pCR is rarer in patients with potentially resectable PDAC compared with carcinomas from other gastrointestinal sites, possibly due to the aggressive nature of the disease, advanced stage of the disease at presentation, and lack of response to present chemotherapeutic regimens, we believe that it is better to separate HTRG 0 from HTRG 1 on the basis of the limited number of patients with HTRG 0 response in this study and our previous study. 18 In these 2 studies, HTRG 0 (CAP grade 0) response was observed totally in 9 patients (2.3%). None of these 9 patients had recurrence or died of PDAC during follow-up. In contrast, 8 of 18 patients with HTRG 1 (CAP grade 1) had recurrence and later died of disease in this study, and 15 of 36 patients with HTRG 1 (CAP grade 1) response died of disease in our previous study. 18 Because the number of patients with HTRG 0 response is too small to be used as a reference group in our survival analysis, we combine HTRG 0 and 1 as 1 group for statistical analysis in these 2 studies.
In treated esophageal, gastric, and rectal adenocarcinomas, the predominant histologic response to cytotoxic treatment and/or radiation is therapy-related ulceration and fibrosis. It is relatively easy to evaluate the HTRG on the basis of the extent of therapy-related fibrosis in the tumor bed of these tumors. In contrast, PDAC characteristically has abundant dense desmosplastic stroma, which is almost impossible to distinguish from therapy-related fibrosis in posttherapy PD specimens. The infiltrative growth pattern of PDAC often has widely dispersed neoplastic glands in the stroma and/or the chronic pancreatitis tissue in adjacent pancreatic parenchyma. Often, the fibrosis of chronic pancreatitis can mimic the sclerotic stroma of the carcinomas, obscuring the border of the tumor and surrounding pancreatitis. These factors make it difficult to accurately evaluate the boundary and exact size of the primary tumor bed in a treated pancreatic specimen. 22 Therefore the assessment of the percentage of viable residual tumor based on the relative amount of background therapy-related fibrosis may be highly variable among the pathologists. 23, 24 In our previous and current studies, we defined HTRG 1 as minimal residual cancer with single tumor cells or small groups of tumor cells after completely embedding or extensive sampling the resected pancreas using a 5% cutoff value of residual viable PDAC cells. HTRG 0 was defined as no viable residual tumor after complete embedding of the pancreas, bile duct, and ampulla of Vater. The cases with Z5% residual tumor cells were classified as HTRG 2 (CAP grade 2 and 3). On the basis of this modified grading scheme, evaluation of HTRG would not be compounded by the above-mentioned factors. Thus our 3-tier HTRG scheme can be easily applied in practice and may greatly reduce the interobserver variability among the pathologists. Similar to our study, in a study for comparing TRG schemes of rectal adenocarcinoma after neoadjuvant therapy, Bateman et al 25 proposed a modified rectal cancer regression grade (RCRG) scheme with a 5% cutoff value for dividing grade 1 or 2 as follows: m-RCRG 1 had no tumor epithelium or scattered foci of malignant epithelium representing <5% of the tumor; in m-RCRG 2 tumor cells comprise 5% to 50% of the tumor bed; and m-RCRG 3 is defined having >50% of the tumor cells. They found that their proposed modified TRG scheme for rectal carcinoma after neoadjuvant therapy was reproducible with good interobserver variability. Our study had potential limitations, which include the retrospective nature of this study and that all patients are from a single institution. Future multi-institutional studies to examine the interobserver concordance and reproducibility of tumor regression grading schemes for treated PDAC are needed to validate our proposed HTRG scheme.
Recent studies demonstrated that patients with a partial response of esophageal and gastric carcinomas and m-RCRG 2 of rectal carcinoma were correlated with better clinical outcome and prognosis compared with those with almost no response or m-RCRG 3 in rectal carcinoma. [25] [26] [27] [28] However, in PDAC patients who received neoadjuvant therapy and subsequent surgery, we did not observe significant difference in either DFS or OS between the patients with CAP grade 2 and those with CAP grade 3 responses (P > 0.05) in both studies. Therefore a partial or incomplete response of PDAC to neoadjuvant therapy is not correlated with better clinical outcome, and determination of >50% or <50% of viable residual tumor appears not to have any prognostic impact. The difference in prognostic significance of partial response in PDAC from those observed in esophageal or rectal carcinomas may reflect the difference in tumor biology among these tumors.
In conclusion, our study has validated our proposed 3-tier grading scheme for assessing the extent of histologic tumor response from our previous study (TRG 0, no viable tumor; TRG 1, <5% viable tumor cells; TRG 2, Z5% viable tumor cells). Although our study has limitations such as data from a single institution and retrospective nature of the study, our studies represent the largest cohorts with standardized pathologic examination. Our proposed TRG grade scheme is simple and easily applicable by the pathologist with a significant prognostic relevance in evaluation of histologic response in posttherapy PD specimens. This scheme might be used as a reliable surrogate with a high reproducibility among observers and might influence important clinical decision-making and postoperative therapeutic strategies and follow-up surveillance in patients with posttherapy PDAC.
